A System for Cooling Nuclear Spent Fuel using Fluidized Bed Technology by Miller, Ian J
University of Tennessee, Knoxville
Trace: Tennessee Research and Creative
Exchange
University of Tennessee Honors Thesis Projects University of Tennessee Honors Program
5-2012
A System for Cooling Nuclear Spent Fuel using
Fluidized Bed Technology
Ian J. Miller
University of Tennessee-Knoxville, imiller3@utk.edu
Follow this and additional works at: https://trace.tennessee.edu/utk_chanhonoproj
Part of the Nuclear Engineering Commons
This Dissertation/Thesis is brought to you for free and open access by the University of Tennessee Honors Program at Trace: Tennessee Research and
Creative Exchange. It has been accepted for inclusion in University of Tennessee Honors Thesis Projects by an authorized administrator of Trace:
Tennessee Research and Creative Exchange. For more information, please contact trace@utk.edu.
Recommended Citation
Miller, Ian J., "A System for Cooling Nuclear Spent Fuel using Fluidized Bed Technology" (2012). University of Tennessee Honors Thesis
Projects.
https://trace.tennessee.edu/utk_chanhonoproj/1507
A System for Cooling Nuclear Spent Fuel using Fluidized Bed 
Technology 
 
 
Lane Carasik 
Melanie Ward 
Justin Griswold 
Christopher Baxter 
Stephen Liebschwager 
Aaren Rice 
Ian Miller 
 
 
April 11, 2012 
 
 
 
Nuclear Engineering Department 
The University of Tennessee 
 
 
 
 
 
1 
 
Abstract 
 The recent nuclear crisis at the Fukushima plants in Japan has brought attention to 
potentially dangerous design flaws in the current spent fuel pool systems. Water-based spent 
fuel pools require an external power source to cool the water. Otherwise, the water will 
eventually boil away, leaving the spent fuel exposed to the atmosphere. If this were to occur, 
the environmental consequences would be disastrous. The nuclear power industry needs a 
spent fuel pool design that can passively cool spent fuel.  One such design is a fluidized bed with 
aluminum pellets as the bed material, which utilizes heat pipes to remove most of the decay 
heat. Thermal modeling in COMSOL has demonstrated that this design is capable of removing 
the decay heat. In addition to this, criticality modeling in SCALE has demonstrated that this 
design will also prevent accidental criticality in the spent fuel pool.  
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I. Introduction 
I.1 The Tōhoku Earthquake and the Fukushima Accident 
 At 2:46 p.m. local time on March 11, 2011, an earthquake with a magnitude of 9.0 Mw 
occurred near the east coast of Japan
1
. This was the fifth largest earthquake in recorded 
history
2
. The earthquake caused a massive tsunami with waves reaching heights of about 39 
meters in the Miyagi prefecture. The waves at Fukushima reached about 15 meters
3
. Figure 1.0 
shows how close the epicenter of the earthquake was to the Fukushima plant. Figure 1.1 shows 
photographs of the tsunami washing over Fukushima. The plant was designed to withstand an 
8.0 Mw earthquake and a 5.7 meter tsunami
4
. When the earthquake occurred, Units 1, 2, and 3 
were operating at full power. All three reactors scrammed, fully inserting the control rods and 
shutting down the nuclear chain reaction. Overall, shutdown was proceeding normally. Steam 
from the reactor was routed to the condenser, bypassing the turbine. Off-site power had been 
lost, so emergency diesel generators had taken over core cooling.  The plant withstood the 
earthquake, but the tsunami severely damaged the plant structures and emergency equipment. 
The generators were located 10-13 meters above sea level, which means they were submerged 
when the tsunami washed over the power plant. This tsunami was well beyond the design 
basis.  The diesel generators were rendered incapable of providing any emergency power. A 
visual representation of this chain of events can be found in Figure 1.2
5
.  
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 Figure 1.0 The Tōhoku earthquake epicenter. The epicenter was very close to the Miyagi 
prefecture and the Fukushima 1
 
When the diesel generators were incapacitated, the water pumps responsible for 
cooling the condenser shut down.  The main steam isolation valves closed, routing the stem 
away from the main condenser. The Reactor Core Isolation Cooling (RCIC) system, a backup 
cooling system, took over core cooling. The RCIC system uses the steam from the reactor to run 
turbines, which provide electricity for the pumps. It condenses steam to the suppre
and receives feedwater from the suppression tank and an external condensate tank. For the 
most part, this system operates passively. However, as a safety measure, this system is 
designed with motor-operated valves that require power to be kept 
valves will automatically close, and the RCIC system will stop working. The RCIC system was 
-Daiichi plant. Image credited to Maximilian Dörrbecker.
open. If power is lost, the 
4 
 
 
ssion pool, 
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powered by backup batteries which ran out after 8 hours
6
. The plant experienced a complete 
blackout and lost all active safety systems. 
The zircaloy cladding in the reactor core underwent an oxidation reaction with the 
steam, producing significant amounts of hydrogen. It is important to note that this reaction 
requires steam to occur: 
           	
	7 
When steam was vented from the containment, the hydrogen ignited, destroying the reactor 
building but leaving the containment intact. Hydrogen explosions occurred in Units 1, 3 and 4, 
destroying the reactor buildings at each unit. After the steam release and subsequent hydrogen 
explosions, there were detectable levels of fission products near the reactor buildings. The 
presence of hydrogen and fission products indicated that the fuel cladding had failed.   
The hydrogen explosion in Units 1 and 3 were easily explainable. However, on March 15, 
an unexpected hydrogen explosion occurred in Unit 4. It was unexpected because the reactor in 
Unit 4 was offline and defueled for maintenance prior to the earthquake. Unit 4 was also 
releasing elevated amounts of radiation.  It was feared that enough water had boiled out of the 
pool to expose the spent fuel to the atmosphere, resulting in a zirconium fire and hydrogen 
production. This led to a series of attempts to raise the water level in the pool. Emergency 
workers tried without success to use helicopters to drop water into the pool. They also tried to 
spray water into the pool with water cannons and fire engines, but this too was unsuccessful. 
On March 22, water was finally being returned to the pool with modified concrete pumping 
trucks. It was later discovered that the pool lost a significant amount of water, but the spent 
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fuel was never exposed or significantly damaged. The low water levels resulted in a loss of 
shielding, which could explain the elevated radiation levels detected after the hydrogen 
explosion. 
There are several possible causes for the presence of hydrogen in Unit 4. There may 
have been localized voiding within the pool, providing the steam required for the oxidation of 
zirconium. Another potential source of hydrogen is radiolysis, or the splitting of water with 
radiation. However, these two mechanisms would not produce enough hydrogen to cause such 
a large explosion. It is more likely that the hydrogen leaked in from Unit 3, which was 
undergoing steam ventilations to relieve pressure within the containment
8
. Units 3 and 4 
shared a vent stack and piping, both of which are possible routes for hydrogen to leak into Unit 
4. 
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Figure 1.1 Photographs taken of the tsunami washing over the Fukushima plant. The tanks 
shown in this picture are about 15 meters high. Photos obtained from http://www.world-
nuclear-news.org. 
  
Figure 1.2 The chain of events leading to the station blackout at Fukush
 
I.2 Problems with Traditional 
There are several concerns that must be addressed in the design of a spent fuel pool. 
The pool must meet the storage needs of the plant. It must shield workers from radiation. It 
must also keep the spent fuel in a subcritical configuration during normal, abnormal, and 
accident conditions. In general, it must be able to safely remove the decay heat from the spent 
fuel. Another important quality, which spent fuel pools currently lack, is a passive cooling
system. When a plant experiences a complete, long term blackout, spent fuel pools are 
unreliable. As demonstrated at Fukushima, without active cooling the water will boil away and 
the fuel assemblies will be exposed. Table 1
Spent Fuel Pools   
.0 shows the inventories of the Fukushima Daiichi 
8 
 
ima. 
 
9 
 
fuel pools
9
. Table 1.1 shows uncovering times for spent fuel pools under various heat loads
10
. 
The fuel assemblies at Fukushima were not exposed because the canal used to transfer fuel 
from the core to the pool was still open, so there was more water available than usual. 
Nonetheless, the Fukushima accident demonstrated that fuel pools containing relatively hot 
spent fuel can boil away during a loss of power accident before on-site power is restored. In the 
wake of the Fukushima accident, alternative spent fuel pool designs are worth looking into. A 
spent fuel pool capable of passively cooling spent fuel while meeting other important design 
criteria would be ideal. 
 
Table 1.0 Fuel pool inventories at Fukushima during the earthquake. 
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 Table 1.1 Uncovering times for Fukushima spent fuel pools. 
II. Description of Fluidized Bed Design
II.1 The Fluidized Bed
 This design uses a fluidized bed to store spent fuel. Fluidized bed technology has been in 
use for over 50 years in various industries
gasification, metal reduction, pulp and paper production, and the pharmaceutical industry
fluidized bed works by passing a fluid or gas through a bed of granular solids at a high enough 
velocity to suspend the bed material, causing it to behave like a fluid. 
Two important factors to consider in designing a fluidized bed are particle size and 
minimum fluidizing velocity. The minimum fluidizing velocity is described by the following 
equation: 
Where   is the minimum fluidizing velocity, 
density. The harmonic mean particle distribution, 
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. It has been utilized in petroleum refineries, coal 
 
 
 is the fluid viscosity, and  is the fluid 
, is the diameter of a theoretical 
10 
 
11
. A 
11 
 
particle with the same surface area to volume ratio as the entire bed
12
. This diameter is used to 
determine the minimum fluidizing velocity. 
The particle Reynolds number, , at the minimum fluidizing velocity is given by the 
following equation: 
  33.7  .0408    33.7 
Where:  
 
   !"#  $%  &$'  $%(
)
 
II.2 Fluidized Bed Materials 
 The bed material used in this design is an aluminum alloy. Aluminum alloys are used as 
fuel cladding in research reactors such as the High Flux Isotope Reactor (HFIR)
13
, so it has been 
established that aluminum fares well in a highly radioactive environment. Aluminum was also 
chosen for a variety of other reasons. It has a relatively high thermal conductivity of 160 
W/(m∙K), and high melting point of 660˚C, which makes it suitable for cooling purposes. It is 
also relatively inexpensive.  
 The two fluids considered for this design were water and air. Figure 2.0 shows the 
fluidizing velocity vs. the particle size for air and water. As shown in the figure, the fluidizing 
velocity of water is much lower than that of air.  
                                                          
12
 Studsvik 
13
 Grossbeck 
12 
 
 
Figure 2.0 Fluid Velocity vs. Particle Size for air and for water. 
 
A particle size of 300 microns would make fluidizing the bed low for both water and air and thus 
an ideal size for our bed. A detailed size to velocity comparison can be seen in Table 3.  
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Table 3 Minimum fluidizing velocities of air and water for various particle diameters. 
  
Vmin air 
(m/s) 
Vmin water 
(m/s) 
Particle Diameter 
(m) 
0 0 0 
0.002021 3.17343E-05 0.00005 
0.00808 0.000126911 0.0001 
0.01815 0.000285391 0.00015 
0.032163 0.000506813 0.0002 
0.049992 0.000790489 0.00025 
0.07144 0.00113531 0.0003 
0.096233 0.001539667 0.00035 
0.124025 0.002001395 0.0004 
0.154413 0.002517748 0.00045 
0.186959 0.00308541 0.0005 
0.221211 0.003700539 0.00055 
0.25673 0.004358846 0.0006 
0.293108 0.005055701 0.00065 
0.329983 0.005786258 0.0007 
0.367045 0.006545585 0.00075 
0.404035 0.007328795 0.0008 
0.44075 0.00813116 0.00085 
0.47703 0.008948207 0.0009 
0.512757 0.009775792 0.00095 
0.547845 0.010610146 0.001 
0.582238 0.011447906 0.00105 
0.615898 0.01228612 0.0011 
0.648808 0.013122234 0.00115 
0.680961 0.01395408 0.0012 
0.712363 0.014779842 0.00125 
0.743023 0.015598023 0.0013 
0.772959 0.016407416 0.00135 
0.802191 0.017207064 0.0014 
0.830741 0.017996227 0.00145 
0.858632 0.018774356 0.0015 
0.885891 0.019541059 0.00155 
0.91254 0.02029608 0.0016 
0.938606 0.021039274 0.00165 
0.964111 0.021770588 0.0017 
0.98908 0.022490047 0.00175 
1.013535 0.023197735 0.0018 
1.037498 0.023893786 0.00185 
1.06099 0.024578373 0.0019 
1.08403 0.025251701 0.00195 
1.106638 0.025913995 0.002 
1.128832 0.026565498 0.00205 
14 
 
II.3 Heat Pipes 
 Heat pipes are heat transfer devices with extremely high effective thermal conductivity. 
Heat pipes are hollow and vacuum tight, containing a small amount of working fluid. Figure 2.1
 
below illustrates the structure of a heat pipe. A heat pipe is capable of transferring heat from a 
heat source to a heat sink over a small temperature gradient. This is accomplished by the 
evaporation and condensation of the working fluid. When heat is deposited at the evaporator, 
the working fluid is vaporized. This creates a pressurized gradient in the pipe, which forces the 
vapor to flow into the cooler section of the pipe where it condenses and deposits its latent heat 
of vaporization. Capillary forces in the wick structure then return the condensed working fluid 
to the evaporator. Gravitational forces can also return the working fluid to the evaporator if the 
pipe is oriented in a way that works with gravity. However, heat pipes can work against gravity 
if need be. If the pipe is working against gravity, the wick structure will pump the working fluid 
to the condenser without any outside power source. 
 
Figure 2.1. Diagram of a heat pipe
14
.
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 The working fluids used in heat pipes are many. Substances like helium and nitrogen are 
used for cryogenic temperatures. Sodium, potassium, and other liquid metals are used in high 
temperature applications. The heat pipes used for small electronic devices typically contain 
ammonia, water, acetone, or methanol as their working fluid. 
 The thermal conductivity of heat pipes is not a set value due to the phase changes 
occurring within the pipe during heat transfer. In general, the effective thermal conductivity of 
a heat pipe will improve with length. The effective thermal conductivity also varies with the 
sizes of the evaporator and the condenser, and with the amount of heat being transferred to 
the pipe. Heat pipe conductivity values can range from 1000 W/m/K to 100,000+ W/m/K. 
 Heat pipes are especially attractive for spent fuel pools because they have no moving 
parts and operate passively. Loss of power will not negatively affect the ability of a heat pipe to 
function. However, they do require maintenance. If gas generation occurs in the heat pipe it 
will fail. When properly maintained, heat pipes will generally last well over twenty years. Heat 
pipes are superior to most other heat transfer methods, but this superiority comes with a 
relatively high price. Heat pipes are not “off-the-shelf” products, they are made as ordered and, 
therefore, are priced as ordered as well. Because of these limitations, an exact price estimate 
could not be calculated. However, cost decreases if they are used in bulk, like they would be in 
the case of a spent fuel pool. 
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III. Thermal Modeling 
III.1 Fluidized Bed without Heat Pipes 
 Thermal modeling was done using COMSOL
15
 software. There were several model 
geometries used for this design. The first model to be simulated was the fluidized bed without 
heat pipes. First, the extent of the fluidized bed needs to be defined. This was done with a 
simple block element.  This element has a width of 5 meters, a length of 5 meters, and a depth 
of 15 meters. For simplicity in positioning the fuel assemblies, the bed was set to be “centered” 
in the program geometry.  This simply means that the center of this block will be located at 
(0,0,0).  The graphic interface at this stage is shown in Figure 3.0. 
 
Figure 3.0 The block element used to represent the fluidized bed. 
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 The next element to consider is the spent fuel assemblies.  The initial model uses a 3 x 3 
matrix of fuel assemblies. One option is to create a separate element for each of the 9 fuel 
assemblies present; while straightforward enough, this method can be simplified. Since every 
element in this matrix is the same, it is only necessary to create one element with the correct 
dimensions for a fuel assembly and then use one of COMSOL’s transform functions to 
automatically form the array.  In order to model the fuel assemblies, the model requires 
another block element. The dimensions of this block element are 0.214 x 0.214 x 4.6 m
3
.  In 
order to form the array, the transform is added to the geometry with the fuel assembly block 
element selected as the focus of the array. At this point in the design, there is 1 meter spacing 
between the elements. It is important to note that the spacing represents the distance from the 
center of one element to the center of an adjacent element. In reality, this is an unrealistically 
large spacing, but this initial model is merely a proof of concept. Spacing between the fuel 
assemblies will be decreased in the subsequent models. To put the array along the bottom of 
the bed, 3 elements were designated in the x and y directions in the array element.  Finally, the 
height of the base element was adjusted; in this model, the assemblies were set down from the 
center of the pool by 4.5 meters.  The graphics interface at this stage is shown in Figure 3.1. 
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Figure 3.1 The fluidized bed with 9 fuel assembly block elements. 
 
Once the model geometry is put together, COMSOL makes it very easy to apply different 
materials to any element involved.  This takes place in the materials tab.  This model utilizes 
two materials: aluminum, and zircaloy-4. Aluminum is used as the bed material, and zircaloy-4 
is used for the fuel elements. Both of these materials can be found in the built-in library of 
materials available in COMSOL.  Once added, it is a matter of selecting which model element is 
to be made of what material.  The only problem is the default properties of aluminum.  The 
entry for aluminum in the built-in library is for a solid bar, while this model is to approximate 
the heat transfer through a bed of aluminum pellets; clearly some changes need to be made. 
The coefficient of thermal conductivity for a powder is significantly smaller than that of a solid. 
The thermal conductivity for aluminum powder was determined to be approximately .01% of 
19 
 
the thermal conductivity of solid aluminum
16
. To implement this in the model, it is a simple 
matter of selecting the material entry for aluminum and altering the displayed k value, in this 
case from 160 [W/(m∙K)] to 0.16 [W/(m∙K)].  The model is now ready for the application of heat 
transfer physics. 
 The physics in the model was applied using the Heat Transfer in Solids module in 
COMSOL.  This module automatically assigns model boundaries and initial conditions for the 
geometry created in the previous steps.  Initially, every element is at 293K.  The faces of the 
element representing the fluidized bed are all thermally insulated, i.e. no heat transfer will 
occur across them. In order to obtain the desired data, we need to add a heat source as well as 
a method for removing heat from the model.  The heat source will be the fuel assemblies. The 
heat output from each assembly to be has been approximated to be 1500 W. This number was 
obtained from the Unit 4 spent fuel pool during the Fukushima accident, which had 1535 
assemblies producing a total heat load of 2.3 MW
17
. The 1500 W approximation was obtained 
by dividing the total heat load by the number of assemblies. With that complete, the model 
requires a method of heat removal. Since most fuel pools are open to the air, it is reasonable to 
add a convective cooling term to the top of the bed.  A heat transfer coefficient of 15 
[W/(m
2
∙K)] was used as a  conservative estimate of the convective heat transfer coefficient of 
air at room temperature. The model results are shown in Figure 3.2. The fuel elements have a 
maximum surface temperature of 4333 K. Clearly this design is unable to handle the heat load 
from the fuel assemblies. 
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Figure 3.2 Fluidized bed without heat pipes. The maximum surface temperature of the fuel 
elements is 4333 K.  
 
III.2 Fluidized Bed with Heat Pipes 
 This model serves to demonstrate the effectiveness of the heat pipes. For this model, 
the fluidized bed element is constructed in exactly the same way as before. This model also 
includes a 3 x 3 array of block elements. The spacing in the array is still 1 meter. The difference 
between this model and the previous one is that the array will contain 5 fuel assemblies and 4 
heat pipes. The fuel assemblies have the same dimensions as the previous model. The heat 
pipes were formed from a cylinder element, and given a radius of 0.12 meters to give the same 
21 
 
cross sectional area as the fuel assemblies. They have a height of 20 meters in order to expose 5 
meters to the atmosphere.  
 The materials for the fluidized bed and the fuel assemblies are the same as the first 
model. Aluminum was chosen as the material for the heat pipes. However, the heat transport 
in a heat pipe is quite complex; a working fluid contained inside the tube goes through a cycle 
of evaporation and condensation to move the heat from hot zones to cold. For this model, the 
heat pipes were assumed to be solid blocks of aluminum with greatly elevated thermal 
conductivity. The low range for thermal conductivity of heat pipes is roughly 5000 [W/(m∙K)]
18
. 
It is important to note that the bed material, while also aluminum, did not gain this enhanced 
thermal conductivity. It was only applied to the heat pipes.  For this model, the thermal 
conductivity of the bed material stayed at 0.16 [W/(m∙K)].   
 The boundary conditions and initial values for this model remain the same as the 
previous one.  The heat source term for the 5 fuel assemblies also was implemented at the 
same strength and in the same way.  The primary difference in this model is the convective 
cooling term.  Here, it is applied to both the top surface of the bed as well as the length of the 
heat pipes that are extruding from the top of the bed surface.  The heat transfer coefficient for 
all surfaces remained the same.  This model produced the results found in Figure 3.3. The 
surface temperature of the fuel elements is significantly lower at 527 K, but is still too high.  
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 Figure 3.3 Fluidized bed with heat pipes and 1 meter spacing.  
 
It has been established that heat pipes significantly improve heat removal from the bed. 
The subsequent models will manipulate parameters to lower the maximum temperature of the 
fuel elements. This was done by decreasing the spacing between the fuel assemblies and the 
heat pipes. This should lower the temperature of the fuel assemblies because the heat pipes 
are responsible for the majority of the heat transfer in this model.  Therefore, the spacing 
between elements was decreased to 0.3 meters, resulting in the geometry shown in Figure 3.4. 
The physics in this model remain the same. The results are shown in Figure 3.5. The maximum 
surface temperature in this model is significantly lower at 374 K. 
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Figure 3.4 Fluidized bed and 3 x 3 array with 0.3 meter spacing. 
 The next parameter to be altered is the size of the bed itself. Because it appears as 
though the convection term from the surface of the pool is contributing little to the removal of 
heat from the system, shrinking the area available for convective heat transfer should not raise 
the temperature significantly. The bed volume was decreased to 1 x 1 x 15 m
3
, resulting in the 
bed geometry shown in Figure 3.6. The physics of the model are unchanged from the previous 
simulations. The model results are shown in Figure 3.7. The maximum surface temperature of 
the fuel elements is slightly increased to 379 K. 
24 
 
 
Figure 3.5 The fluidized bed with 0.3 meter array spacing. The maximum surface temperature 
of the fuel is 374 K. 
 
Figure 3.6 The reduced bed size of 1 x 1 x 15 m
3
 with 0.3 meter spacing between array 
elements. 
25 
 
 
Figure 3.7 Reduced bed size with tighter array spacing. The maximum surface temperature of 
the fuel is 379 K. 
III.3 Multiple Modules 
 The final model to construct is simply a larger scale version of Design 2. Four fuel 
assemblies is not anywhere near the capacity of a spent fuel pool. The design needs to be 
assessed on a larger scale. To test this design on a wider scale, we will model a 3 x 3 array of the 
1 x 1 x 15 m
3
 modules used in the previous model.  Fortunately, it is not necessary to recreate 
every element in the design 8 times.  Using 8 copy transforms, it is possible to create additional 
modules of this design. Each copy was offset so that its fluidized bed was in contact with those 
adjacent to it, forming the geometry below in Figure 3.8.  One trick must be employed before 
this model will work properly, however; a Boolean operation known as a union must be defined 
26 
 
to incorporate each fluidized bed.  This tells COMSOL to treat the array of beds as one object. 
The physics remain unchanged. The results of the model are shown in Figure 3.9. The maximum 
surface temperature of the fuel has decreased to 304 K.  
 
 
 
Figure 3.8 Multiple module geometry. 
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Figure 3.9 Multiple module heat transfer results. The maximum surface temperature is 304 K.  
 
 A maximum temperature of 304 K means we can further adjust the parameters of the 
model to make it more practical. Specifically, we can decrease the size of the heat pipes and 
decrease the spacing between the array elements. Unfortunately, the computer used for this 
model does not have the computing power to run a simulation with tighter spacing. However, 
the length of the heat pipes can be decreased. In the model shown in Figure 3.10, the heat 
pipes have been decreased to 15.5 meters, so that only 0.5 meters are exposed to the 
atmosphere. The maximum temperature of the fuel elements just barely increases to 305 K. For 
comparison, Figure 3.11 shows the same model with water as the bed material instead of 
aluminum. The maximum fuel temperature is slightly lower at 300 K. The next parameter to be 
28 
 
changed is the diameter of the heat pipes. Figure 3.12 shows the results of using heat pipes 
with a diameter of 0.06 meters. The length is still 15.5 meters for this model. The maximum 
surface temperature of the fuel is 321 K. Table 3.0 tabulates the model dimensions and 
maximum steady state temperatures for all of the models. 
 
 
 
Figure 3.10 Design 3 with shorter heat pipes. The maximum fuel element surface temperature 
is 305 K. 
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Figure 3.11 Design 3 with 15.5 meter heat pipes and water as the bed material. 
 
Figure 3.12 Design 3 with 15.5 meter heat pipes with diameters of 0.06 meters. The bed 
material is aluminum. 
30 
 
Table 3.0 Thermal Model Data 
 
Simulation 
No. 
Bed 
Dimensions 
(m
3
) 
Spacing 
(m) 
No. of Fuel 
Assemblies 
No. of 
Heat 
Pipes 
Heat 
Pipe 
Length 
(m) 
Heat Pipe 
Diameter 
(m) 
Max 
Surface 
Temp of 
Fuel (K) 
1 5 x 5 x 15 1 9 0   4333 
2 5 x 5 x 15 1 5 4 20 0.12 527 
3 5 x 5 x 15 0.3 5 4 20 0.12 374 
4 1 x 1 x 15 0.3 5 4 20 0.12 379 
5 3 x 3 x 15 0.3 45 36 20 0.12 304 
6 3 x 3 x 15 0.3 45 36 15 0.12 305 
7 3 x 3 x 15 0.3 45 36 15 0.06 321 
 
 
IV. Criticality Modeling 
 A spent fuel pool must keep the spent fuel in a subcritical configuration. Criticality 
modeling was done using SCALE
19
. These models use nine 17 x 17 fuel assemblies arranged in a 
3 x 3 array. Each assembly was separated by 1.64 cm on all sides.  Six different simulations were 
run. Three different moderators were modeled: aluminum, water, and an aluminum and water 
mixture. The aluminum water mixture was 80% aluminum and 20% water. These three 
moderators were each used in a simulation with boron control rods and a simulation without 
boron control rods. The control rod material used in the model is B4C. The NRC standard for 
subcritical conditions requires that keff be no greater than 0.95
20
. Of the six models, the three 
without boron control rods are the most conservative estimates. Figures 4.0 – 4.5 show the 
graphics interface for each of the models.  The keff values for each model are tabulated in Table 
4.0. Of the three moderators tested, aluminum is the most effective in preventing criticality for 
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this configuration. The aluminum/water mixture is also below the NRC standard. The raw SCALE 
code can be found in Appendix A.  
Table 4.0 The keff values for each model. 
Material keff 
Aluminum 0.27201 ± 0.00037                     
Aluminum with control rods 0.26734 ± 0.00036                     
Water 1.31155 ± 0.00093                     
Water with control rods 1.2760 ± 0.0012                       
Aluminum/Water mixture 0.8487 ± 0.0011                       
Aluminum/Water mixture with control rods 0.81765 ± 0.00097                     
 
 
Figure 4.0 A 3x3 array of fuel assemblies with aluminum as only moderator. Material 3 is 3.44% 
enriched UO2, Material 4 is zirconium, Material 5 is stainless steel, and Material 6 is aluminum. 
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Figure 4.1 A 3x3 array of fuel assemblies with 8 boron control rods per assembly. Material 1 is 
B4C, used as a neutron poison. The other materials are unchanged from the previous model. 
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Figure 4.2 A 3x3 array of fuel assemblies with water as the moderator. Material 2 is water. The 
other materials are unchanged from the previous model. 
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Figure 4.3 A 3x3 array with 8 boron control rods and water as the moderator. The other 
materials are unchanged from the previous model. 
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Figure 4.4 A 3x3 array of fuel assemblies with a mix of water and aluminum as the moderator. 
Material 6 is a mixture of 20% water and 80% aluminum. 
36 
 
 
Figure 4.5 A 3x3 array of fuel assemblies with 8 control rods each and a mixture of water and 
aluminum as the moderator. All mixtures are the same as the previous model. 
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V. Conclusion 
The thermal modeling results are shown in Table 5.0. The model results demonstrate 
that this design has the potential to effectively remove the heat emitted by spent fuel, prevent 
accidental criticality, and avoid many of the problems inherent to water-based spent fuel pools. 
All calculations were very conservative, and yet the results were still favorable. The COMSOL 
models show that heat pipes remove the majority of the heat, while conduction through the 
bed material and convection through the top boundary of the pool contribute much less. This 
was demonstrated in Models 1 and 2, where a dramatic maximum temperature drop from 4333 
K to 527 K occurred when heat pipes were added. This was also demonstrated in Models 3 and 
4, where the volume of the bed was greatly reduced, reducing conduction through the bed 
material and convection through the top surface of the bed. The reduction in pool volume 
caused the maximum surface temperature of the fuel elements to increase a mere 5 K. Clearly 
the heat pipes handle the vast majority of the heat load.  
 
Table 5.0 Thermal Model Data 
 
Model 
No. 
Bed 
Dimensions 
(m
3
) 
Spacing 
(m) 
No. of Fuel 
Assemblies 
No. of 
Heat 
Pipes 
Heat 
Pipe 
Length 
(m) 
Heat Pipe 
Diameter 
(m) 
Max 
Surface 
Temp of 
Fuel (K) 
1 5 x 5 x 15 1 9 0   4333 
2 5 x 5 x 15 1 5 4 20 0.12 527 
3 5 x 5 x 15 0.3 5 4 20 0.12 374 
4 1 x 1 x 15 0.3 5 4 20 0.12 379 
5 3 x 3 x 15 0.3 45 36 20 0.12 304 
6 3 x 3 x 15 0.3 45 36 15 0.12 305 
7 3 x 3 x 15 0.3 45 36 15 0.06 321 
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Model 7 is the most realistic model. This model uses smaller heat pipes than the others, 
and has 45 fuel assemblies spaced relatively close together. The spacing could not be closer 
than 0.3 meters due to limitations in computing power. The heat pipes used in this design are 
enormous compared to commonly used heat pipes. Heat pipes are typically measured on a 
scale of inches
21
. In order for this design to be more practical, the heat pipe size and the spacing 
between the array elements should both be reduced. The models show that the effectiveness 
of the heat pipes increases as they are placed closer to the fuel elements, so smaller heat pipes 
could be used if the spacing were reduced.  
This design also keeps the fuel in a subcritical configuration. The results of the SCALE 
modeling are shown in Table 5.1. The simulations which used the aluminum/water mixture as 
the moderator are probably the most accurate representations of this design. This is because 
the fluidized bed contains both aluminum and water. The keff values for these simulations are 
both under the standard value of 0.95, with or without boron control rods.  
 
Table 5.1 The keff values from the criticality models. 
Material keff 
Aluminum 0.27201 ± 0.00037                     
Aluminum with control rods 0.26734 ± 0.00036                     
Water 1.31155 ± 0.00093                     
Water with control rods 1.2760 ± 0.0012                       
Aluminum/Water mixture 0.8487 ± 0.0011                       
Aluminum/Water mixture with control rods 0.81765 ± 0.00097                     
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VI. Future Work 
 Future work on this design primarily consists of refining the accuracy of the thermal 
models. First and foremost, this would require greater computing power to reduce the spacing 
between the array elements. The rest of the design work would revolve around the heat pipes. 
Heat pipes transfer heat through the evaporation and condensation of an internal working 
fluid. This process cannot be represented by a uniform heat transfer coefficient. In reality, the 
rate of heat transfer would vary along the length of the pipe.  It must also be confirmed that 
heat pipes of this size are possible to make. If they are, the next step would be to obtain a cost 
estimate. It is also necessary to determine how much damage will be done to the heat pipes 
and fluidized bed material in a highly radioactive environment.  
The thermal models used several different volumes for the bed in order to demonstrate 
the heat removal capabilities of the design. A definitive bed volume must be chosen, and it 
must take into account the amount of aluminum required to adequately shield workers from 
radiation. A specific amount of aluminum pellets must be decided on, and a cost estimate must 
be obtained. This design also requires a mechanism by which spent fuel can be transferred from 
the core to the pool.  
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VIII. Appendices 
VIII.1 Appendix A: Raw SCALE Code 
'Input generated by GeeWiz SCALE 6.1 Compiled on Mon Jun  6 11:04:33 2011 
=csas6 
17x17 fuel assembly 
v7-238 
read composition 
 atom_al2o3      1  3.7  2 
                                 13027 2 
                                 8016 3 
                       0.9874 300   end 
 b4c         1 den=3.7 0.0126 300   end 
 h2o         2 1 300   end 
 uo2         3 1 300 
                                 92234 0.005407837 
                                 92235 3.44 
                                 92238 96.55459   end 
 zirc2       4 1 300   end 
 ss304       5 1 300   end 
 al          6 0.8 300   end 
 h2o         6 0.2 300   end 
end composition 
read celldata 
  latticecell squarepitch fuelr=0.47 3 gapr=0.4875 0 cladr=0.545 4 hpitch=0.82 2 end 
end celldata 
read parameter 
 gen=505 
 nsk=5 
 htm=no 
 fdn=no 
end parameter 
read geometry 
unit 1 
com="3.44% enriched fuel rod" 
 cylinder 1     0.47   182.88  -182.88 
 cylinder 2   0.4875   199.84  -206.24 
 cylinder 3    0.545   199.84  -206.24 
 cylinder 4    0.545   210.34  -210.34 
 cuboid 5     0.82    -0.82     0.82    -0.82   210.34  -210.34 
 media 3 1 1 
 media 0 1 2 -1 
 media 4 1 3 -2 
 media 5 1 4 -3 
 media 6 1 5 -4 
 boundary 5 
unit 2 
com="burnable poison rod" 
 cylinder 1    0.545      160     -160 
 cylinder 2    0.545   260.48     -160 
 cylinder 3    0.645   260.58   -160.1 
 cuboid 4     0.82    -0.82     0.82    -0.82   260.58   -160.1 
42 
 
 media 1 1 1 
 media 0 1 2 -1 
 media 4 1 3 -2 
 media 6 1 4 -3 
 boundary 4 
unit 3 
com="water" 
 cuboid 1     0.82    -0.82     0.82    -0.82   210.34  -210.34 
 media 2 1 1 
 boundary 1 
global unit 4 
com="9 fuel assemblies" 
 cuboid 1    43.46   -43.46    43.46   -43.46   210.34  -210.34 
 cuboid 2    43.56   -43.56    43.56   -43.56   210.34  -210.34 
 cuboid 3    43.72   -43.72    43.72   -43.72   210.34  -210.34 
 cuboid 4       50      -50       50      -50   240.58  -240.58 
 array 1 1  place 27 27 1 0 0 0 
 media 6 1 2 -1 
 media 5 1 3 -2 
 media 6 1 4 -3 
 boundary 4 
unit 5 
com="al boundary horizontal" 
 cuboid 2     0.82    -0.82     0.82    -0.82   210.34  -210.34 
 cuboid 1     0.82    -0.82     0.05    -0.05   210.34  -210.34 
 media 6 1 2 -1 
 media 5 1 1 
 boundary 2 
unit 6 
com="al boundary vertical" 
 cuboid 2     0.82    -0.82     0.82    -0.82   210.34  -210.34 
 cuboid 1     0.05    -0.05     0.82    -0.82   210.34  -210.34 
 media 6 1 2 -1 
 media 5 1 1 
 boundary 2 
unit 7 
com="al boundary crossroad" 
 cuboid 2     0.82    -0.82     0.82    -0.82   210.34  -210.34 
 cuboid 1     0.05    -0.05     0.82    -0.82   210.34  -210.34 
 cuboid 3     0.82     0.05     0.05    -0.05   210.34  -210.34 
 cuboid 4    -0.05    -0.82     0.05    -0.05   210.34  -210.34 
 media 6 1 2 -1 -3 -4 
 media 5 1 1 
 media 5 1 3 
 media 5 1 4 
 boundary 2 
end geometry 
read array 
ara=1 nux=53 nuy=53 nuz=1 typ=square gbl=1 
 com='fuel assembly 1' 
 fill 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
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   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   2   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   
1   1   1   2   1   1   1   2   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   2   1   1   1   1   1   2   1   1   1   1   1   6   1   1   1   1   1   2   1   1   1   1   1   2   1   1   1   1   1   6   1   1   1   
1   1   2   1   1   1   1   1   2   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   
1   1   1   2   1   1   1   2   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   2   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   7   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   7   5   5   5   
5   5   5   5   5   5   5   5   5   5   5   5   5   5 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   2   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   
1   1   1   2   1   1   1   2   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   2   1   1   1   1   1   2   1   1   1   1   1   6   1   1   1   1   1   2   1   1   1   1   1   2   1   1   1   1   1   6   1   1   1   
1   1   2   1   1   1   1   1   2   1   1   1   1   1 
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   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   1   1   1   2   1   1   1   2   1   1   1   1   1   1   6   1   1   1   
1   1   1   2   1   1   1   2   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   2   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   7   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   5   7   5   5   5   
5   5   5   5   5   5   5   5   5   5   5   5   5   5 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   1   6   1   1   1   
1   1   1   1   1   1   1   1   1   1   1   1   1   1 
   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   1   1   1   1   1   2   1   1   1   1   1   1   1   1   6   1   1   1   
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